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LABORATORY INVESTIGATION
Active and inactive kallikrein in rabbit connecting tubules and
urine during low and normal sodium intake
KEN OMATA, OSCAR A. CARRETERO, SADAYOSHI ITOH, and A. GUILLERMO SCICLI
Hypertension Research Laboratory, Department of Medicine, Henry Ford Hospital, Detroit, Michigan
Active and inactive kallikrein in rabbit connecting tubules and urine
during low and normal sodium intake. Active and total (trypsin-
activated) kallikrein were measured in urine and the discrete segments
of the nephron of rabbits fed low and normal sodium diets. Kallikrein
was measured by its kininogenase activity, and kinins generated were
measured by radioimmunoassay. The amount of inactive kallikrein was
calculated as the difference between total and active kallikrein. The
nephrons were microdissected and divided into eight segments: (1)
glomerulus; (2) proximal convoluted tubule; (3) cortical thick ascending
limb; (4) bright portion of distal convoluted tubule; (5) granular portion
of distal convoluted tubule; (6) granular portion of cortical collecting
tubule; (7) light portion of cortical collecting tubule; and (8) medullary
collecting tubule. As we have previously described, active and inactive
kallikrein were localized mainly in the granular portion of the distal
convoluted and cortical collecting tubules (connecting tubule). Both
active and inactive kallikrein in the granular portion of the distal
convoluted and cortical collecting tubule increased markedly during
low sodium intake without altering the distribution profile. Urinary
excretion of active and inactive kallikrein also increased significantly in
the low sodium diet. More than 50% of total kallikrein was found in the
inactive form in the nephron and urine. The ratio of active to total
kallikrein in the nephron and urine was not changed by sodium
restriction. These results suggest that sodium restriction stimulates the
biosynthesis and excretion of both active and inactive kallikrein.
Kallikréine active et inactive dans les tubes connecteurs et les urines de
lapin pendant un apport sodique faible ou normal. Les kallikréines active
et totale (activée par Ia trypsine) ont été mesurées dans les urines et sur
des segments isolés de nephrons de lapins recevant des regimes pauvre
ou normal en sodium. La kallikréine a été mesurée par son activité
kininogenase et les kinines genérées ont été mesurées par dosage
radioimmunologique. La quantité de kallikréine inactive a été calculée
par difference entre les kallikréines totale et active. Les nephrons ont
été microdisséqués et divisés en huit segments: (1) le glomerule; (2) le
tubule contourné proximal; (3) l'anse ascendante large corticale; (4) Ia
partie brillante du tube contourné distal; (5) Ia partie granulaire du tube
contourné distal; (6) Ia partie granulaire du canal collecteur cortical; (7)
Ia partie fine du canal collecteur cortical; (8) le canal collecteur
médullaire. Comme nous l'avons précédemment decrit, les kallikréines
active et inactive étaient essentiellement localisées dans Ia partie
granulaire des tubules contournés distaux et des canaux collecteurs
corticaux (segments de connexion). Les kallikréines active et inactive
de Ia portion granulaire du tubule collecteur contourné distal cortical se
sont élevées de facon importante pendant un faible apport sodé, sans
modification du profil de distribution. L'excrétion urinaire de kalli-
kréines active et inactive a également augmenté significativement
pendant le régime pauvre en sodium. Plus de 50% de Ia kallikréine totale
était trouvée sous une form inactive dans le néphron et les urines. Le
rapport kallikréine active sur kallikréine totale dans Ic néphron et les
urines n'était pas modiflé par Ia restriction sodée. Ces résultats suggèr-
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ent que Ia restriction sodée stimule Ia biosynthese et l'excrétion des
kallikréines active et inactive.
Renal kallikrein is a serine proteinase which releases kinins,
potent vasodilator peptides, from substrates called kininogens.
The renal kallikrein-kinin system has been implicated in the
control of electrolytes and water excretion, renal vascular
resistance, and activation of renin and renin release [1—31. Renal
kailikrein has been localized in the distal nephron by stop-flow
studies and immunohistochemical techniques [4, 51.
Recently, we reported that active and inactive kallikrein are
localized in the connecting tubule (granular portion of the distal
convoluted and cortical collecting tubule) in the microdissected
rabbit nephron [61. Inactive kallikrein has also been reported in
human urine [71 as well as in the basolateral membrane of the
rat kidney [81.
Sodium restriction is known to increase the excretion of
urinary kallikrein and the kallikrein content of renal tissue in
humans and animals [9, 101. However, there are no reports
which show how sodium restriction alters active and inactive
kallikrein in the connecting tubules or the excretion of inactive
kallikrein. In this study, we measured the distribution of active
and inactive kallikrein along the microdissected rabbit nephron
and the urinary excretion of active and inactive kailikrein of
rabbits fed normal and low sodium diets.
Methods
The following materials were obtained commercially: medi-
um 199 from Gibco Labs (Grand Island, New York); hyaluroni-
dase (type 1) and soybean trypsin inhibitor (SBTI) from Sigma
Chemical Co. (St. Louis, Missouri); collagenase (142 U/mg)
from Millipore Corp. (Freehold, New Jersey); trypsin (180
U/mg) from Worthington Biochemical Corp. (Freehold, New
Jersey); bovine serum albumin and deoxycholic acid from
Schwarz/Mann (Orangeburg, New York); sodium heparin (1000
U/mi) from Eikins-Sinn, Inc. (Cherry Hill, New Jersey); lys-
bradykinin from Bachem (Torrance, California); and free sodi-
um iodine (Na'251) from Amersham Corp. (Arlington Heights,
Illinois).
The microdissection medium was medium 199 containing
Earle's salts, L-glutamine, and 25 mrvt Hepes buffer. The
collagenase medium composition was identical to the microdis-
section medium except that it contained phenol (0.2 mM),
collagenase (0.075% wt/vol), hyaluronidase (0.1% wt/vol), and
bovine serum albumin (0.1% wt/vol). The hypo-osmotic solu-
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tion used for cell membrane disruption contained 1 mrvi MgCI2,
0.25 mrvi ethylenediamine tetracetate (EDTA), and 1 m'vi Tris-
HCI, pH 7.4.
Experimental protocol. Male New Zealand white rabbits
weighing 2.0 to 2.5 kg were housed in individual cages in a
temperature controlled room (23°C) that was illuminated from
6:30 A.M. to 6:30 P.M. The studies were performed at least 7
days after the rabbits had become acclimated to the cages and
the feeding and drinking conditions. Rabbits were fed a stan-
dard rabbit chow (Ralston Purina Co., St. Louis, Missouri)
containing 0.48% sodium chloride, and were given tap water ad
libitum. After they adapted to these conditions, nine rabbits
were placed in metabolic cages. Urine samples were collected
for 24 hr in plastic bottles for 2 consecutive days. After urine
collection, the rabbits were fed the low sodium diet (Ralston
Purina Co.) containing 0.04% sodium chloride for 14 days. At
the end of this period urine samples were collected for 2
consecutive days. After the urine samples were collected the
rabbits were prepared for microdissection of the nephron.
Another nine rabbits were maintained similarly except that they
were fed a standard rabbit chow diet. These rabbits were also
prepared for microdissection of the nephron as a control group.
Preparation of single tubule samples. Tissue preparation and
microdissection of tubules were similar to those techniques
previously described by Morel, Chabardes, and Imbert [1 lb as
modified by Edwards, Jackson, and Dousa [12]. Briefly, rabbits
were anesthetized with pentobarbital (Nembutal, about 40
mg/kg) and received an intravenous heparin injection. After the
left kidney was perfused in situ with 25 ml of cold collagenase
medium, it was removed and sliced with a razor blade along the
corticomedullary axis. These strips of renal tissue were incubat-
ed in aerated collagenase medium for 45 to 55 mm at 35°C and
subsequently transferred to petri dishes containing microdissec-
tion medium. All remaining procedures were performed at 0° to
4°C.
Single nephrons were microdissected and divided into the
following eight segments according to the criteria previously
described [11, 121: (1) glomerulus (Gl); (2) early proximal
convoluted tubule (PCT); (3) cortical portion of the thick
ascending limb of the loop of Henle (CAL); (4) bright portion of
the distal convoluted tubule (DCTb); (5) granular portion of the
distal convoluted tubule (DCTg); (6) granular portion of the
cortical collecting tubule (CCTg); (7) light portion of the cortical
collecting tubule (CCT1); and (8) medullary collecting tubule
(MCT).
Approximately 50 samples of each of the nephron segments
were dissected and pooled. The pooled nephron segments were
transferred with a micropipette onto a plastic coverslip mount-
ed on a glass slide. The excess microdissection medium was
then aspirated from the tubular segments and replaced with 15
jsl of hypo-osmotic solution. All samples were disrupted by a
combination of hypo-osmotic shock and three freezings and
thawings. The frozen samples were transferred to micro test
tubes, and 100 d of 1% sodium deoxycholate acid (pH 8.5)
were added to the samples to solubilize the membrane. After
solubilization, duplicate aliquots of 5 and 25 d from each
sample were removed to measure protein and kallikrein,
respectively.
Analytical methods. Determination of total and active kalli-
krein along the nephron. Active kallikrein was measured in
microdissected nephron segments by its kininogenase activity
(kinin releasing capability), using a modification of the method
of Carretero et at [13], as previously reported [6]. Total kalli-
krein was obtained by measuring the kininogenase activity of
pooled segments after inactive kallikrein had been activated
with trypsin [6]. Inactive kallikrein was calculated as the
difference between total kallikrein (both active and inactive
kallikrein) and active kallikrein. Total kallikrein was measured
by duplicate 25-gd aliquots of samples which were incubated
with 1.25 tg of trypsin in 25 tl of 0.1 M phosphate buffer (pH
8.5) for 30 mm at 37°C. The reaction was stopped by adding 62.5
sg of SBTI in 50 p1 of phosphate buffer. At the same time,
duplicate aliquots of 25 pi of each sample were incubated
similarly for measurement of active kallikrein except that
trypsin and SBTI were not added prior to incubation. Kinino-
genase activities were then measured by incubation for 16 hr
with partially purified dog kininogen in the presence of 1-10
phenanthroline (3.0 mM) and EDTA (30 mM) to inhibit kininases
in the presence of neomycin (0.1%) and sodium azide (0.1%) as
antibacterial and antifungal agents. Generated kinins were
measured by RIA as previously described [13]. Kininogenase
activity of the samples was calculated as the difference from
nonspecific activity (kininogen blank) and was expressed as
picograms of kinins formed per microgram of tissue protein per
minute of incubation. The recovery rate of 50 ng of lys-
bradykinin was 100 4.0% in these experiments.
Urinary kallikrein. Kallikrein in urine samples was measured
by its kininogenase activity with or without activation of
inactive kallikrein by trypsin. Procedures for activation were
similar to that described above for the activation of inactive
kallikrein in the nephron except that urine volume was 0.5 p1,
trypsin was 0.5 pig, and SBTI was 25 sg. The dose of trypsin
selected in this experiment was the optimal dose to activate
inactive kallikrein in the pooled rabbit urine under standard and
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Fig. 1. The profile of active kallikrein concentration along the nephron
from rabbits on normal sodium diet (open bars, N = 9) and low sodium
diet (hatched bars, N = 9). Kininogenase activity is expressed as
picograms of kinins per micrograms of tissue proteins per minute of
incubation. Results are given as mean SEM. Abbreviations and
symbols are: GI, glomerulus; PCT, proximal convoluted tubule; CAL,
cortical thick ascending limb; DCTb, bright portion of distal convoluted
tubule; DCTg, granular portion of distal convoluted tubule; CCTg,
granular portion of cortical collecting tubule; CCTI, light portion of
cortical collecting tubule; MCT, medullary collecting tubule; * V
0.05; ** P <0.01.
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Fig. 2. The profile of inactive kallikrein concentration along the
nephron from rabbits on normal sodium diet (open bars, N = 9) and low
sodium diet (hatched bars, N = 9). Kininogenase activity is expressed
as picograms of kinins per micrograms of tissue proteins per minute of
incubation. Results are given as mean SEM. Abbreviations are the
same as those used for Figure 1; * P < 0.05; ** P < 0.01.
and active kallikrein were measured by their kininogenase
activity, as previously described [13]. Kallikrein excretion in
urine was expressed as micrograms of kinins formed per minute
of incubation, per urinary volume (24 hr).
Urinary electrolytes. Urinary excretion of sodium was mea-
sured with a selective electrode (NOVA Biomedical, Newton,
Massachusetts). Sodium content in food was measured by
flame photometer after food was refluxed for 48 hr in concen-
trated nitric acid. Urine volume, urinary excretion of sodium,
and active and inactive kallikrein were obtained by calculating
the mean value of 2 consecutive days in each period. To
calculate the ratio of active to total kallikrein for the entire
microdissected nephron, the activity of each microdissected
segment was added, and then the ratio was calculated. We also
calculated the ratio of active to total kallikrein for urine.
Determination of protein content in each segment. We mea-
sured protein content according to the Lowry method [14], as
modified by Edwards, Jackson, and Dousa [12] for measuring
as little as 0.2 g of protein. Bovine serum albumin was used as
a standard.
Statistical evaluation was performed by Student's paired and
unpaired t tests. All data are expressed as mean 5EM; a P <
0.05 was considered significant.
Results
The specific activity of active and inactive kallikrein of the
granular distal convoluted and cortical collecting tubules was
markedly increased by sodium restriction (Figs. 1 and 2). An
increase in active and inactive kallikrein was also observed in
other segments of the nephron in the rabbits which were fed a
low sodium diet. The profiles of active kallikrein (Fig. 1) and
inactive kallikrein (Fig. 2) along the rabbit nephron during
normal and low sodium intake indicate that most kallikrein was
localized in the granular portions of the distal convoluted tubule
and cortical collecting tubule. These tubules contained more
than 88% of active and inactive nephron kininogenase activity.
,. Low sodium diet
/ y = 15.8X—20.7
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Fig. 3. Active kallikrein of different nephron segments as a function of
protein content in the microdissected sample. Individual values are
shown only for the nephron segments of rabbits on low sodium diet (N
= 9, experiments). Each point represents kininogenase activity of
approximately 50 segments from a single experiment. The broken line
shows the correlation between kininogenase activities and protein
content in DCTg and CCTg samples of rabbits on the normal sodium
diet (N = 9, experiments). The symbols represent the following
abbreviations which are the same as those used in Figure 1: , GI; A,
PCT; U, CAL; U, DCTb; 0, DCTg; •, CCTg; 0, CCTI; and •, MCT.
The distribution of active and inactive kallikrein along the
nephron did not change with sodium restriction.
Total and active kallikrein in the nephron segments as a
function of the protein content of the sample for rabbits on the
low sodium diet are shown in Figures 3 and 4. Significant
correlations were found between protein content and kinino-
genase activity of the granular portions of the distal convoluted
tubules (DCTg, open circles) and cortical collecting tubules
(CCT, closed circles). Low concentrations of kininogenase
activity were detected in the other nephron segments. Howev-
er, they did not correlate with the protein content of the sample.
Urinary excretion of total, active, and inactive kallikrein (Table
I) was about twofold higher during low sodium intake than
during normal sodium intake.
The percent ratio of active to total kallikrein in the nephron
and urine was not altered significantly by sodium restriction. In
the entire microdissected nephron, the percent ratio under
normal sodium and low sodium diet was 36.8 5.2% and 31.7
2.7%, respectively. In urine, the ratio was 41.0 5.6% (normal
sodium diet) and 44.5 4.5% (low sodium diet).
Discussion
Recently, microdissected nephron segments have been used
as an approach for understanding the physiological role of
different hormones and enzymes along the nephron [11, 12, 15,
16]. Using this technique, we previously found that renal
kallikrein is localized in the granular portion of the distal
convoluted and cortical collecting tubules [6]. The present
study clearly demonstrates that the synthesis of active and
inactive kallikrein was increased by sodium restriction, since
both specific activity in the renal tissue and urinary kallikrein
excretion were increased during low sodium intake. In the
nephron, the main increase of active and inactive kallikrein
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mi/day mEqlday isg/min/UV p.g/min/UV sgImin/UV
Normal
sodium
diet 304 24 8.82 1.42 625 97 231 28 394 86
Low
sodium
diet 314 63 0.44 0.05 1160 223 478 76 683 160
N = 9 NS P < 0.001 P < 0.001 P < 0.01 P < 0.01
A Abbreviations: UV, urinary volume; UNaV, urinary sodium excre-
tion; UkaIV, urinary kallikrein excretion.
30 The values are expressed as mean SEM; kallikrein was measured
by its kininogenase activity and expressed as micrograms of kinins
formed per minute of incubation per UV.
and inactive kallikrein during low sodium intake may be ex-
plained by increased aldosterone secretion. However, it still
remains controversial whether the effect of mineralocorticoids
on the synthesis and excretion of kallikrein is direct or indirect.
In dogs, deoxycorticosterone acetate (DOCA) causes an in-
crease in urinary kallikrein excretion only after they have
escaped the sodium-retaining effect of DOCA [23]. In contrast,
mineralocorticoid-induced effects on Na-K-ATPase occur with-
in 3 hr after a single intravenous injection [24]. Thus the time-
course of mineralocorticoid-induced changes and changes in
kallikrein excretion appear to be different. Further, recent
studies, measuring transepithelial voltage and Na-K-ATPase
activity, demonstrated that the target sites for mineralocor-
ticoid action were mainly distal to the connecting tubule where
kallikrein is found [16, 24—27]. Thus, the nephron segments in
which we found increased kallikrein during low sodium diet do
not correspond exactly with aldosterone action sites. These
studies suggest that mineralocorticoids may indirectly affect
kallikrein excretion, perhaps secondary to a change in salt and
water metabolism. On the other hand, aldosterone was reported
to increase the production of kallikrein in isolated rat renal
cortical cells [22]. Specific aldosterone binding has been ob-
served in the granular portion of the cortical collecting tubules
in an autoradiographic study on isolated tubules in rabbits [28],
Thus, mineralocorticoids may directly affect the synthesis of
kallikrein in the connecting tubule.
In conclusion, both active and inactive kallikrein in the
granular portion of the distal convoluted and cortical collecting
tubule increased markedly during low sodium intake without
altering the distribution profile. Urinary excretion of total and
active kallikrein increased, but the ratio of active to total
kallikrein in the nephron and urine did not change, More than
50% of total kallikrein was found in an inactive form in nephron
segments as well as in urine. These results suggest that sodium
restriction stimulates the synthesis and excretion of both active
and inactive kallikrein,
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Table 1. Total, active and inactive kallikrein, water and sodium
excretion during normal and low sodium intakeLow sodium diet° y = 40.5X —15.9
r = 0.882, P<0.01
,' Normal sodium diet
y = 21.5X—23.5








Fig. 4. Total kallikrein of different nephron segments as a function of
protein content in the microdissected sample. Individual values are
shown only for the nephron segments of rabbits on low sodium diet (N
= 9, experiments). Each point represents kininogenase activity of
approximately 50 segments after activation of inactive kallikrein with
trypsin from a single experiment. The broken line shows the correlation
between kininogenase activities and protein content in DCTg and CCTg
samples of rabbits on normal sodium diet (N = 9, experiments). The
symbols are the same as those used in Figure 3.
cortical collecting tubules. More than 88% of the active and
inactive kallikrein was found in these nephron segments under
both diets, and the distribution of kallikrein along the nephron
did not change with sodium restriction. The identical localiza-
tions and similar increases of active and inactive kallikrein
caused by sodium restriction suggest that the inactive form of
the enzyme is prekallikrein.
Recent studies have shown that the granular portions of the
distal convoluted and cortical collecting tubules have similar
morphological and functional characteristics [11, 15—18]. They
form a single nephron segment called the connecting tubule,
which is formed by the connecting tubule cells and the interca-
lated cells. Since the connecting tubule cells are only localized
in the connecting tubules, while the intercalated cells are also
found in the light portion of cortical collecting tubules, it is
reasonable to assume that kallikrein is synthesized in the
connecting tubule cell. Furthermore, during low sodium intake
both active and inactive kallikrein increased considerably in the
connecting segment. Since urinary excretion was also in-
creased, it suggested that the synthesis of active and inactive
kallikrein in the connecting cells was increased.
To our knowledge this is the first report showing that in the
rabbit more than 50% of total urinary kallikrein is excreted in
the inactive form. These results are similar to those reported for
human beings, who also excreted approximately 60% of the
urinary kallikrein in the inactive form [7, 19]. The present study
shows that urinary excretion of total and active kallikrein was
increased similarly by sodium restriction.
It is well known that low sodium intake stimulates the renin-
angiotensin-aldosterone system [20] and that an increase in
mineralocorticoid secretion is one of the factors which in-
creases urinary kallikrein excretion and renal tissue kallikrein
during low sodium intake [1, 9, 10, 21, 22]. Thus, in our study
the higher tissue concentrations and urinary excretion of active
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